Abstract Diffusion tensor imaging (DTI) is an MRI technique that can measure the macroscopic structural organization in brain tissues. DTI has been shown to provide information complementary to relaxation-based MRI about the changes in the brain's microstructure. In the pediatric population, DTI enables quantitative observation of the maturation process of white matter structures. Its ability to delineate various brain structures during developmental stages makes it an effective tool with which to characterize both the normal and abnormal anatomy of the developing brain. This review will highlight the advantages, as well as the common technical pitfalls of pediatric DTI. In addition, image quantification strategies for various DTI-derived parameters and the normal brain developmental changes associated with these parameters are discussed.
voxel of the image (see the articles about DTI application to pediatric populations by Miller et al. [34] and Huppi and Dubois [29] ). As reported by many authors [14-16, 27, 34, 35] , DTI can provide more stable contrasts between white and gray matter throughout the development process ( Fig. 1) , although both gray and white matter have characteristic contrast changes during that period. At birth, most of the major white matter tracts at the core regions of the white matter are already appreciable by DTI. The DTI information can be displayed quantitatively, or as images, which allows quantitative study of the maturation process of individual white matter structures. These diffusivity and microstructural measures appear to predict long-term developmental outcome [36] . In this respect, DTI is an effective tool with which to characterize both the normal and abnormal pediatric anatomy of developing white matter structures [14-16, 37, 38] .
Issues in pediatric DTI
There are several issues in DTI that are noteworthy. In this section, two major issues are discussed. First, DTI is prone to various sources of artifacts, which can cause practical issues in the pediatric population. Second, there is an inherent limitation of DTI caused by the tensor model.
In a recent review by Tournier et al. [39] , the types and mechanisms of typical artifacts are described in detail. One type of artifact is caused by image registration quality. As is the case for all quantitative MRI based on multiple raw MR images, image mis-registration (image misalignment of more than one pixel) due to subject motion or hardware instability, would lead to degradation of the images. The second type of artifact is specific to DTI. By sensitizing the MR signal to a small amount of water diffusion, DTI is also sensitive to finite, sub-pixel, tissue motion, such as cardiac pulsation. This would lead to unwanted signal loss when a specific diffusion-encoding direction and a specific cardiac cycle coincide.
Pediatric DTI is challenging because these two sources of artifacts are pronounced. Young children, i.e., under the age of 4 years, cannot be still, and can only be expected to be able to cooperate after the age of 5 years. The pulsation-caused artifacts are more abundant in this population, especially around the third and fourth ventricles. Therefore, careful quality control of the data would be more important than in adult populations.
The inherent limitation of DTI is caused by the fact that the tensor model, in which underlying neuroanatomy is modeled by a six-parameter tensor, suffers from oversimplification. For example, from the tensor model, we can calculate the orientation of the longest axis of the diffusion ellipsoid. We usually assume that the orientation aligns to axonal bundles, but this interpretation has the inherent assumption that all axons have the same orientation within a pixel, which is not a valid assumption for many regions of the brain; with the current image resolution (2-3 mm), each pixel usually contains axons with multiple orientations. There are two potential ways to reduce this limitation, but they are practically mutually exclusive. First, the image resolution could be increased, and thus, with a small pixel size, there would be less of a mixture of axonal populations with different orientations. Please note that if the pixel size is maintained, there would be a lesser number of pixels within a smaller pediatric brain, which would lead to a lower anatomical resolution. However, pediatric brains tend to have a longer T2, and, thus, we can obtain a higher signal-to-noise ratio (SNR) with the same echo time. We can use this signal gain to reduce the pixel size. Typically, a 1.6-to 2.0-m isotropic resolution is feasible, depending on the size and age of the patient. DTI with a higher resolution is, thus, definitely a viable option for pediatric DTI. Fig. 1 The time course of normal maturation detected on T1 (upper row)/T2 (middle row)/DTI (FA map, lower row). The maturation (predominantly the myelination pattern) has a profound impact on T1-and T2-weighted imaging. The extent of the contrast change is so large that the gray/white matter contrast inverts in the first 12 months. During this time period, FA remains more stable, especially in the deep brain regions, while the peripheral white matter has a noticeable FA increase
The second way to ameliorate the DTI tensor limitation is to employ a family of diffusion-based methods that do not rely on the tensor model, and, thus, are not bounded by the oversimplification to the six-parameter tensor model. These methods include diffusion spectral imaging (DSI), q-ball imaging (QBI), and high-angular resolution diffusion imaging (HARDI) [40] [41] [42] [43] , all of which aim to increase the amount of information that can be obtained from each pixel. Namely, while high-resolution DTI attempts to increase anatomical information by placing more pixels within a brain, the non-tensor approaches increase information per pixel. Using these approaches, we can estimate the number of axonal populations and their orientations in each pixel. Applications of these methods to pediatric populations are still limited [44] , and could constitute an important future research effort. These methods, however, require a longer scan time and higher diffusion-weighting, both of which result in a poorer SNR-to-scan time relationship and higher sensitivity to motion-related artifacts. The practicality for routine clinical uses, therefore, should be carefully evaluated.
Difficulty of image analysis in neonate and pediatric brains
A regular DTI consists of more than 1 million voxels. Each voxel of different MR contrast includes different types of information representing the background anatomy. The first hurdle here for image quantification is to establish consistent anatomical criteria to define brain structures throughout the development process. This is especially difficult for the first 24 months of age due to the rapid contrast changes (Fig. 1) . One well-established method for image quantification is to manually place regions of interest (ROI) on the anatomical structure and quantify the structural size or pixel values. This approach is usually hypothesis-driven, such that there is a pre-defined set of ROIs to capture a specific disease status [16, 35, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . However, if there is no clear a priori knowledge, findings from an arbitrarily selected ROI do not guarantee structure specificity because other brain areas are not investigated. The underlying limitation of manual ROI is that it would be too time-consuming to manually define ROIs for hundreds of structures covering the entire brain. If one intends to explore the unknown effects of a particular disease, automated whole-brain analysis is typically a good choice.
There are several types of approaches for whole-brain analysis. Voxel-based analysis (VBA) is probably the most widely used method, in which the properties of all voxels are measured by transforming the brain shape to a preselected template. The common template serves as a predefined ROI set, in which each voxel becomes an independent ROI. VBM has been widely used in children 2 years of age or older [58] [59] [60] [61] [62] [63] [64] [65] [66] . One notable issue with the VBA approach is the choice of the common template for children younger than 2 years old. Because of the rapid contrast changes in the first 24 months of age, it is not clear whether one template can serve populations with different ages. Multiple templates for cross-sectional studies are likely required; a template for each age serves only a narrow age window (Fig. 2) . This is still a developing research area and it is uncertain how many templates are needed and the proper age range for each template.
There are other issues with VBA, which are not inherent to pediatric populations. Among these, the sensitivity of the measurement is the most common issue. Because each tiny voxel serves as an ROI, the measurement is noisy. The accuracy of voxel-to-voxel alignment across subjects is also an issue, and mis-registration would lead to a large variability in the measured parameters (e.g., fractional anisotropy) within the control group and a loss of statistical power. For example, it has been pointed out that VBA is not suitable for detecting small but widespread change in the brain [67] . Spatial filtering is often applied to ameliorate the sensitivity issue, in which multiple voxel properties are averaged. Tract-Based Spatial Statistics (TBSS) was also developed to enhance sensitivity by focusing on the improved registration accuracy of the core white matter voxels for the pediatric population [68] [69] [70] .
An alternative voxel-grouping strategy is the "smart ROI" approach, in which voxels that belong to the same anatomical structure are grouped, rather than relying on isotropic voxel grouping. This approach usually requires a pre-defined structural definition file (parcellation map), which can be transformed to each subject image and can quantify the volume and voxel intensities of each anatomical structure (Fig. 3) . Statistical analysis can be performed in a structure-by-structure way, which is called atlas-based analysis (ABA), in contrast to the voxel-by-voxel method of VBA. Compared to VBA, which is based on data from more than 1 million independent voxels, the structure-bystructure analysis of the ABA approach provides a more manageable amount of anatomical information for subsequent image analysis [71] [72] [73] . Since each ROI contains many voxels, information about anatomical localization is less than that provided by VBA. If abnormal voxels compose only a small portion of the defined structure, ABA could be less sensitive than VBA. VBA and ABA visualize the same anatomy from different anatomical granularity levels, and different types of abnormalities can be detected by each method. Thus, these two methods are complementary techniques for whole-brain analysis.
Normal developmental patterns
Observation of normal development by DTI-neonate to 2 years Contrast changes in pediatric DTI comprise three phases: rapid change in the first 3 to 6 months, followed by slower change until 24 months, and relative stability after 24 months [6, 15, 27, 74] (Fig. 1) . A basic pattern of the maturation process in pediatric DTI is a decrease in mean diffusivity (MD) and an increase in FA as a function of gestational age, and a posterior-to-anterior and a central-to-peripheral direction of maturation [4, 16, 20, 22, [75] [76] [77] [78] [79] [80] [81] [82] .
White matter: mean diffusivity (MD)
Brain water content decreases with maturation. During this process, structures such as cell and axonal membranes become more densely packed, and the restriction to water motion increases. Due to the larger extracellular space of Fig. 3 Schematic pipeline of the image normalization process. The image on the upper left side is an initial image of children with periventricular leukomalacia, clinically diagnosed as spastic cerebral palsy. The orange arrows show "forward" transformation; the subject image was first linearly normalized (affine transformation), followed by nonlinear normalization (LDDMM). After this procedure, all subject images were transformed to a shape similar to that of the atlas (two images in lower left). For the "backward" transformation (green arrows), the brain parcellation map (BPM) was transformed to the original MRI using the same deformation fields used for the forward transformation. This allows the map to be superimposed onto the original images with parcellation into 159 structures. Please note the level of accuracy of the parcellation for this patient with severe injury the unmyelinated white matter in the immature brain, the MD of white matter is almost twice that of the fully myelinated brain [23] . As white matter develops, decreases in water diffusion are observed mainly in λ2 and λ3 (and less in λ1), which reflects changes in water diffusion perpendicular to white matter fibers, and may indicate changes due to premyelination (change in axonal width) and myelination. Differences in water content could also affect the contrast between white and gray matter in the pediatric brain, although not in a simple fashion. In the adult brain, the water content of the white matter is essentially lower than that of the gray matter (65% versus 85%); however, the MD values for the two regions are virtually identical [83, 84] . This indicates that white matter is less restrictive to water motion than gray matter and may be related to the fact that water motion parallel to axons is relatively unrestricted, compared to motion perpendicular to axons or in gray matter. In the premature brain, the percentage of water content is similar in white and gray matter, although MD values in white matter are higher than those in gray matter. This finding is also consistent with the idea that white matter is less restrictive to water motion than gray matter (see a review of DTI application to neonatal populations by Huppi and Dubois [29] ).
The quantitative changes in MD have a regional variation in white matter maturation, as measured in many studies [14, 15, 22, 27, 28, 34, 74, 76, 78, 82, [85] [86] [87] [88] [89] [90] . Partridge et al. [87] reported that the lowest MD values were found in the projection fibers of the internal capsule and the cerebral peduncles, with decreasing values from 30 weeks of gestational age to term age among several deep white matter structures (in commissural tracts, in projection tracts, and in association tracts). Provenzale et al.
[82] defined white matter maturation in the deep (the posterior limb of the internal capsule, the genu, and the splenium of the corpus callosum) and the peripheral (subcortical) white matter structures, using multiple ROIs in neonatal DTI. At term, the MD for the peripheral white matter regions was higher than the MD for the deep white matter structures. In the early period after birth (before day 100), the MD in the peripheral white matter decreased at approximately twice the rate of the MD in the deep white matter, and no differences were observed throughout the late period (after day 100) [82].
White matter anisotropy
For white matter areas, white matter anisotropy is relatively low in neonates and increases steadily with increasing age. While changes in MD and anisotropy for the white matter typically occur together during maturation, with MD values decreasing and anisotropy values increasing, the processes by which the two parameters change are theoretically different [29, 91] . Although little has been reported on the correlation of FA changes and MD changes, they are independent of one another, and a change in one is not always accompanied by an opposite change in the other [37, 71, 90] . The increase in white matter anisotropy values during development appears to occur in three stages: fiber organization into fascicles, proliferation and maturation of glial cell bodies and intracellular compartments, and myelination [76] . The first stage, fiber organization, occurs largely in utero in humans, which is evidenced by the presence of anisotropy in late intrauterine and premature infants [87, 92] . This process would be expected to increase anisotropy predominantly, without affecting MD [90] . The first increase occurs before the histological appearance of myelin [16, 78] , and it seems to correlate with the developmental expansion of immature oligodendrocytes during the premyelination period [93] . Notably, premyelination is seen as increase in anisotropy whilst it is not detectable at T1-or T2-weighted imaging. The second stage includes the maturation of glial cell bodies and their processes, as well as the development of the cytoskeleton and various intracellular structures, and a decrease in MD without increasing anisotropy is predominant. The third stage, in which an increase in anisotropy is continuous, is associated with the histological appearance of myelin and its maturation around axons. This three-stage increase in white matter anisotropy is not synchronous for different brain areas, as is brain maturation [76, 90] .
In FA measurements of the white matter, large regional differences were observed. These differences typically follow a "high FA in the core and low FA in the peripheral white matter" rule [94] . In a study by Hermoye et al. [27] , which used multiple ROIs, several exceptions to this rule were demonstrated. First, the area where the corpus callosum and the anterior limb of the internal capsule meet ("crossing" region) has low FA at birth, despite its relatively deep location, and also lacks an initial steep FA increase. Second, the association fibers, especially the superior longitudinal fasciculus, mature at a relatively later stage of development. However, limbic fibers (the fornix and the cingulum), regardless of their relatively small size, can be well appreciated in the early phase of development. The early appearance of the limbic fibers and other tracts, such as the core regions of projection fibers, commissural fibers, and the uncinate fasciculus, agrees with histology-based fetal brain atlases [95] and DTI studies in premature newborns [87] . In normal-term infants [76], diffusivity and anisotropy along the tracts suggest that the corticospinal tract is the most mature, followed by the spinothalamic tract and fornix, and then the arcuate and inferior longitudinal fasciculus, optic radiations, and the anterior limb of the internal capsule and the cingulum. Autopsy studies have shown that the corticospinal tract, the corpus callosum, and the superior cerebellar peduncles mature early, which is in accordance with MRI studies. The late maturation of the association tracts was also confirmed by histological analyses. Autopsy studies have shown, however, that the fornix, which demonstrates a relatively high FA in newborns, does not reach full myelination until 2 years of age [10, 13] . Regional anisotropy is thought to be influenced not only by myelination, but also by axon packing, the relative membrane permeability to water, the internal axonal structure, and the tissue water content [29] .
In our atlas-based, whole-brain study, which evaluated DTI parameters during the normal brain developmental process within 3 months after birth, several patterns of the relationship between the MD and the FA at 40 post-conceptional weeks were observed [71] . Namely, in the more superior locations, the MD was higher and decreased more rapidly with age in the corticofugal pathway (i.e. the superior corona radiata, the posterior limb of the internal capsule, the cerebral peduncle). In the more anterior regions, the MD was higher and decreased more rapidly with age in the corona radiata (the anterior portion, the superior portion, the posterior portion) (Fig. 4) . These tendencies for MD were not observed in the FA analysis, especially for the structures with rich crossing fibers, such as the corona radiata. This analysis suggests that the time-dependent FA changes may provide more information about the development of the crossing fibers, compared to the timedependent MD changes. Fig. 4 The relationship between the age-dependent mean diffusivity (MD) decreasing slope and the age-dependent fractional anisotropy (FA) increasing slope (a), the estimated MD at 40 post-conceptional weeks and the age-dependent MD decreasing slope (b), and the estimated FA at 40 post-conceptional weeks and the age-dependent FA increasing slope (c). The white matter structures were categorized based on the association fibers (black dots: SLF, SFO, ILF, IFO, and UNC), the commissural fibers (pink dots: CC and TAP), the limbic fibers (blue dots: CGC, CGH, Fx, and ST), and the projection fibers (green dots: ALIC, PLIC, RLIC, CP, PTR, SS, ACR, SCR, and PCR). . SLF superior longitudinal fasciculus, SFO superior fronto-occipital fasciculus, ILF inferior longitudinal fasciculus, IFO inferior fronto-occipital fasciculus, UNC uncinate fasciculus, CC corpus callosum, TAP tapetum, CGC cingulum cingular part, CGH cingulum hippocampal part, Fx fornix, ST stria terminalis, ALIC anterior limb of internal capsule, PLIC posterior limb of internal capsule, RLIC retrorenticular part of internal capsule, CP cerebral peduncle, PTR posterior thalamic radiation, SS sagittal stratum, ACR anterior corona radiata, SCR superior corona radiata, PCR posterior corona radiata
Cortex
Anisotropy values for the cortical gray matter decrease after birth compared to those in the fetuses of many different species, including human, mouse, cat, and pig brains [15, 16, 37, 55, 83, [96] [97] [98] [99] [100] [101] [102] .
The tensor principal eigenvectors are oriented radially to the cortical surface. A recent study about the human fetal brain has shown that cortical anisotropy increases from 15 weeks' gestation to approximately 27 weeks' gestation, and then shows a gradual decline until 32 weeks' gestation [103] . This anisotropy is believed to result from the radial organization of the immature cerebral cortex [97] . In the immature cortex, the predominant features are radial glial cells and large pyramidal neurons with prominent, radially oriented apical dendrites; these structures cause horizontal water motion to be relatively impaired, resulting in radially oriented anisotropy [1] . With neocortical maturation, the radial glial cells are transformed into the astrocytic neuropil and this architecture is disrupted by the addition of basal dendrites, as well as thalamocortical afferents, which tend to be oriented orthogonally to the apical dendrites [104] . In addition, intracortical association axons navigate horizontally through the developing cortex, which causes impairment of radially directed water motion, resulting in increasing isotropic water motion in the cortex. Unlike the changes observed in the white matter maturation process, the changes in fractional anisotropy observed in the cortex are mainly due to significant decreases in λ1, without changes in λ2 and λ3 [105] .
This cortical developmental process is not homogeneous throughout the brain and shows considerable regional differences, with cortical anisotropy decreasing first in the precentral cortex, followed by the occipital and the frontal cortex [105] . An MR tractography study on postmortem fetal human brains reported that the regional regression of radial organization and regional emergence of fetal brain connectivity proceeds in general from posterodorsal to /s), by age (in years, logarithmic scale), at representative locations. In the corticospinal tract (CST, first column), the FA increase can be explained by the radial diffusivity decrease. In the anterior corona radiata (ACR, second column), the age-related changes in the axial diffusivity cause a weaker time-dependent FA change. In the white matter of the superior occipital gyrus (SOG, third column), the parallel decreases in both axial and radial diffusivity lead to no significant changes in FA. The orientation of the slices follows the radiologic convention (L left, R right) (printed with permission [72]) anteroventral with local variations [106] . In addition, the early cortical lateralization in anisotropy and the asymmetry of early cortical folding are also reported [103, 107] .
Normal development in DTI-after 2 years of age After the age of 2 years, developmental changes become much more subtle. The average brain weight at 2 years of age has already reached approximately 80% of that of the adult brain weight, and at 5 years old it is approximately 90% of the adult weight, and there is no real significant difference in weight [108, 109] . In our study [72] , the brain volume at 2 years of age was already approximately 78% of an adult's volume, and after 5 years of age, as expected, there were almost no significant time-dependent changes. In terms of MR contrasts, T1-weighted imaging studies found changes in a confined area of the brain [32, 110, 111] . DTI is sensitive enough to show a pattern of maturation with considerable regional variation, generally characterized by an increase in FA and a decrease in MD through childhood and adolescence [20, 25, 26, 32, 76, [112] [113] [114] [115] .
Previous data also consistently demonstrate strong, positive, linear correlations between age and white matter and CSF volumes [72, 110, 116, 117] . Other studies have already shown that the white matter volume does not begin to decrease until the fourth decade [110, 118, 119] . With regard to the CSF volumes, the recognition of its normal increase with age is an important consideration when interpreting reports of increased ventricular volumes in several neuropsychiatric conditions [120] [121] [122] .
In the gray matter, the correlation between age and volume was not monotonic. Cortical growth is known to obey more complex curves, usually following an "inverted U" developmental course, with volumes peaking at different times in different lobes, most of which peak between 10 and 17 years of age [72, 118, 123] .
With regard to the regional volume and diffusivity indices of white matter in our study [72] , the entire white matter undergoes a similar time course-an increase in the volume and a decrease in diffusion constants, while there was a small tendency toward a steeper volume increase in the white matter regions rich with projection fibers. The regional differences in the amount of decrease in axial and radial diffusivity led to significant FA increases in a confined number of brain regions, which included the corticospinal tract (CST), the frontal white matter, and the thalamus. These changes may be related to the changes in axon diameters and the amount of myelination in these regions. It has been suggested that the diameter of the thickest fibers in the CST increases linearly as a function of body height [124] . To maintain passive cable conduction, dendrites need to increase four times in diameter when they double in length [125] . This expansion requires an increase in myelination, and, as a result, the increased volume of the insulating sheaths surrounding axonal fibers bulks up the volume of the white matter compartment. Moreover, the significant shortening of the central conduction time during childhood and adolescence, observed in the motor pathway [126] [127] [128] , functionally supports the myelinization and organization of CST fibers that occur in this phase, and is a plausible explanation for both the increase in volume and FA due to the decrease in radial diffusivity (Fig. 5) . A positive relationship between FA and age was also present in the peripheral white matter of the frontal and parietal lobes, as well as in the superior temporal gyrus of the right hemisphere. In these areas, both axial and radial diffusivity decrease, although radial diffusivity, compared to axial diffusivity, consistently had a steeper decline, explaining the FA increase (Fig. 6) . In other regions, such as the posterior corona radiata, the centrum semiovale, and the white matter of the superior occipital region, axial and radial diffusivity proportionally decreased while FA remained stable. Decreases in both axial and radial diffusivity might indicate that those regions are under a process of myelination and increasing compactness, but with an additional component of increasingly complex fiber structural design [129] .
Among the subcortical areas, the frontal lobe presented bigger slopes (in absolute value) and R 2 in both volume and diffusivity analyses [72] . It is possible that the different trends represent distinct maturation patterns, in which higher-order association areas mature after the lower-order sensorimotor regions they integrate. This heterogeneous comportment has been previously described for the cortex [117, 130] and for the white matter of older adults [131] , but not for the white matter of younger subjects. However, since the gray and white matter have inseparable connections and share lifelong reciprocal relationships [132] [133] [134] , it is not surprising that we detected the same maturation pattern in the white matter.
Previous studies have consistently reported brain maturation during adolescence in the internal capsule, the arcuate fasciculus, superior longitudinal fasciculus, and the CST [72, 81, 91, [135] [136] [137] . Some of these recent studies have described not linear but mono-exponential equations that modulate the components of the white matter diffusivity over time [114, 136] . Nevertheless, those studies covered a different age range, some including people as old as 80 years of age. But, in fact, they are unanimous in concluding that white matter FA does not begin to decrease (and mean diffusivity does not begin to increase) until the fourth decade.
Conclusion
DTI is a promising modality for the study and analysis of brain development and abnormalities. Currently, pediatric DTI is the subject of very active research. The knowledge that will be obtained by these research endeavors will build the foundation that will both improve our understanding of the normal brain development and also enable us to explore the pathophysiological basis of developmental diseases. 
